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Bidirectional reflectance distribution function and
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martian regolith simulant
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1 Introduction an optimized determination of Hapke parameters.

We present new results on the bidirectional reflectance Mishchenkd has indicated that the approximations used in

distribution function (BRDF) and 8-deg directional- Hapke’s model are not appropriate for a close-packed me-

hemispherical reflectance of the Martian regolith simulant ehum. Hillier and Buratff have used a Monte Carlo scatter-

Johnson Space Center MarstlSC Mars-), performed IngTrr‘:\:cf]eSICfo; I;\(‘/:I]g:tisafr?trt:rmg fro.m a planetary sgrface.

; . . . . ; - golith simulant sample is thé-

g o:jrliezarc?Iﬁgzzrcecallzlﬁgr;%ttlonCe:ri(elt“(tBys(legaHTﬁ(ta Nfggﬁ}f/ mm-diame_ter fraction of Weathered volcanic a_eh fro_m Pu'u

scatterometet)ocated in a class-10,000 I.aminar-flow clean Nene, a cinder cone on the island of Hawail, which has
: ’ ; ' . been repeatedly cited as a close spectral analog to the

room, is a fully automated instrument capable of measuring bright Mars region&~! Additional information on the

the BRDF and 8-deg directional-hemispherical reflectance mineralogy’ reflectivify spectrd® and granulometry} has

of a wide range of sample types in the spectral range from been publiehed '

230 to 900 nm. The scatterometer can perform in-plane and ’

fol it ical The results of various experiments involving the Martian
out-of-plane BRDF measurements with a typical measure- eqqjith simulant on its microbial lifé? luminescence

ment uncertainty of less than 1%overage factok=1). signals'® particle charging® and electrical discharde

The experimental BRDF data were obtained with a nhave been reported in scientific journals. In the current pa-

monochromator-based Xe short-arc light source over aper we present very precise and accurate BRDF laboratory

range of in- and out-of-plane incident and scattered geom- measurements of the same material. The reported data are

etries. Data on 8-deg directional-hemispherical reflectancejntended to more completely describe the optical character-

were also measured and are reported here. istics of JSC Mars-1 regolith simulant through its diffuse
The planets are covered with a regolith layer that con- reflectance properties and should be of great interest and

sists of minerals with differing composition, size, and value to scientists working on the scattering of planetary

shape. It is important to know their physical properties and regoliths. We have examined our results in reference to

how electromagnetic radiation interacts with these regolith well-known scattering models.

layer components. The physics of incident light transmis-

sion, reflection, absorption, and multiple scattering by such

regolith layers is complex and is difficult to understand and 2 Background

model. The BRDF characterization of planetary and terres- The BRDF is a fundamental quantity describing the reflec-

trial objects is often used in remote sensing applications. To tance properties of samples in such different applications

date, a number of semiempirical models for analyzing the as remote sensin§, computer graphic¥’ and image

BRDF of particulate surfaces have been developed. Theinterpretation® It describes the variation of reflectance

Hapke modét*is most widely used in studies of the bidi-  with the illumination and scattered light directions. In many

rectional reflectance of regoliths. Lighdpas proposed a  materials the surface reflectance properties are described by

modified Hapke model, and Cord et®ahave proposed both specular and diffuse reflectance.
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z whereAgy is the error in the goniometer receiver arm ra-
dius, Agz is the error of the receiver arm radius due to
Light Source sampleZ-direction misalignment, and g, is the error of
N~ doi the receiver aperture radius. The total scattering-angle er-
0i - Incident Angle Detector ror, A, is given by

0s - Scatter Zenith Angle 5 ) ) )
dos (Ags)“=(Agm)+(Ag2) "+ (Ag7)", (5)

: whereA », is the error of the goniometer scattering angle,
ey X A7 is the error due to samplg-direction misalignment,
> andA 47 is the sample tilt error.

We used an integrating sphere attachment on the scatter-
ometer to measure the 8-deg directional-hemispherical re-
flectance of JSC Mars-1. The sphere collects and spatially
integrates the sample-scattered optical radiation. The sphere

¢s - Scatter Azimuth Angle interior is made of Spectralon, giving it a high diffuse re-
flectance over the UV-visible—near-IR region of the spec-
Fig. 1 Defining the BRDF in terms of the usually adopted symbols. trum. The reflectance is generally above 99% over a range
from 400 to 1500 nm, and above 95% from 250 to 2500
The BRDF is defined as the ratio of the radiarice ~ nm. The sphere was designed with four ports, of which
scattered by a surface into the directiofl (¢s) to the three accommodate the sample, the detector, and the entry
collimated irradianceE; incident on a unit area of the of the incident light. The fourth port is a spare and is typi-

surface® cally closed using a Spectralon plug. The total port area is

less than 5% of the total surface area of the sphere, and

Ls(6;,¢i,0s,hs,N) radiation balance inside the sphere is established after as
BRDF= E(o. N (1) few internal reflections as possible. The light intensity in-

cident on the detector should correspond to the average
light intensity inside the sphere. A silicon photodiode fixed

where 0 is the zenith angleg is the azimuth angle, the !
to one port of the sphere was used as a primary detector.

subscripts ands are for the incident and scattered direc-
tions, respectively, and is the wavelength. The BRDF
angular convention is presented in Fig. 1. . 5 Conclusions

In practice, the BRDF is usually described in terms of o . )
the incident power, the scattered power, and the geometryThe BRDF and 8-deg directional-hemispherical reflectance
of the reflected scatter. It is equal to the scattered power per0f the Martian regolith simulant JSC Mars-1 were mea-
unit solid angle normalized by the product of the incident Sured in the UV, visible, and near-IR spectral regions. The

power and the cosine of the detector view ardle: sample exhibits a wide range of BRDF values depending
on the scattering geometry. Different angles of incidence
BRDF— Ps/Q @) from O to 60 deg, scattering zenith angles from 0 to 60 deg,

and scattering azimuth angles 0, 90, and 180 deg were used
for the full characterization of the sample. The reported
wherePq is the scattered powef) is the solid angle deter-  experimental data show a flat BRDF response in the UV

mined by the detector aperture a®and the radiuf from with increasing deviation from the Lambertian at higher
the sample to the detectofd=A/R?); P; is the incident wavelengths. The BRDF depends on both the incident and
power; andé is the scattering angle. scattered light angles. The difference can be up to 13.88%

The scatterometer we used to perform the reported mea-for a 10-deg change of the scattering zenith angle at 500
surements is specified with a combined measurement un-nm. The BRDF at all wavelengths measured is symmetrical
certainty of 1.0% k= 1), which depends on several instru- t0 the normal at normal incidence. Strong optical back-
ment parameters.The BRDF measurement uncertainty, scattering from the sample is detected, supporting the plan-
Agrpr, can be evaluated and expressed in accordance withetary regolith simulant scattering models as presented by

NIST guideline®’ as some authoré? The reciprocity of the BRDF is confirmed
for the material. Some 8-deg directional-hemispherical
(Agrpp) ?=2(Ang)?+2(AN) %+ (Agp)?+ (A ystanby)?, measurements are also presented. They give additional data
3) on the material reflectance properties. The diffuse-

scattering and 8-deg directional-hemispherical data from
whereAys is the noise-to-signal ratidy, \ represents the  these studies are important for the analysis of spectral data
nonlinearity of the electronicd\ g j is the error of the re- obtained at future Mars space- and ground-based observa-
ceiver view angleA 4 is the error of the total scattering tions. They can be also used for calibration of existing data.
angle, andd; is the error of the receiver scattering angle. The high quality of the data is supported by the fact that the

The error of the receiver view anglag, p, is measurements were done on a high-accuracy scatterometer
located in a clean-room calibration facility and the results
(Mg p)?=(2Aru) 2+ (2Agyp) 2+ (2Aga)2 () are traceable to the measurements made at NIST.
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